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a b s t r a c t 
At the D.V. Efremov Scientiﬁc Research Institute of Electrophysical Apparatus (SRIEA), elements of the 
ITER ﬁrst wall (beryllium tiles and heat removal CuCrZr-bronze) are currently joined by “fast” brazing 
(heating with a rate of 150 K/min) using the method of passing a current through brazed samples. For this 
purpose, rapidly quenched brazing ﬁller metal STEMET 1101 is used. The thermal cycle of brazing con- 
sists of a fast heating of the assembly to a temperature of 700–720 °C and a subsequent cooling (rate of 
60 K/min). However at these temperatures, processes resulting to a loss of the tensile and shear strength 
of CuCrZr can occur. Therefore, reducing the brazing temperature is a very important task. 
Optimization of the composition of the Cu–Ni–Sn–P system ﬁller metals and comparative tests of ﬁller 
metals of various compositions have been carried out in this paper to reduce the brazing temperature of 
beryllium with CuCrZr. Alloys of the following compositions Cu–6.4Ni–9.2Sn–6.3P (STEMET 1105) and Cu–
9.1Ni–3.6Sn–8.0P (STEMET 1101) were made in the form of rapidly quenched ribbons with a thickness of 
50 μm and a width of 50 mm. They were used to perform furnace brazing by Joule heating (with a rate 
of 15 K/min) of beryllium with CuCrZr (Be/CuCrZr) at temperatures of 650, 700 and 750 °C for 15 min. 
Metallographic investigations of the zone of brazing and mechanical shear tests of joints before and after 
the heat treatment at 350 °C for 30 h have been conducted. It was found that the joints of Be/CuCrZr 
brazed at 650 °C using STEMET 1105 ( τ s = 230 MPa) and at 750 °C using STEMET 1101 ( τ s = 260 MPa) 
had the best shear strength properties. However, there is a signiﬁcant decrease of the microhardness of 
CuCrZr from 1570 to 1140 MPa at 750 °C, which indicates a signiﬁcant loss of its strength. The results 
obtained suggest that the brazing of beryllium with CuCrZr using STEMET 1105 at 650–700 °C will not 
adversely affect the CuCrZr. 
© 2016 The Authors. Published by Elsevier Ltd. 
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Rapidly quenched alloys of the Cu–Ni–Sn–P system with a var-
ous phosphorus content are brazing ﬁller metals that are an al-
ernative to silver-containing solders, for example PSr 72 (72Ag–
8Cu, in wt.%) and BCuP–5 (Cu–15Ag–5P, in wt.%), for brazing of
opper and copper alloys both between themselves and with other
aterials [1,2] . The presence of silver sharply limits the ﬁeld of
pplication of such solders, in particular, used in conditions of
eutron irradiation as it is assumed in ITER. The expected ther-
al loads on the outer surface of the ﬁrst wall beryllium coating
 Fig. 1 ), generated by charged ions, electrons, neutrons, etc., are up∗ Corresponding author. 
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and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.07.004 o 5 MW/m 2 , which result in a temperature of the be joint of 300–
50 °C. 
To obtain a reliable joint, the STEMET 1101 brazing ﬁller met-
ls have started to be used successfully in the past few years as a
ubstitute for STEMET 1108 of the following composition Cu–(2.0–
.0)Ni–(11.0–13.0)Sn–(4.0–8.0)In (in wt.%) [3] . This is because it can
e carried the brazing of CuCrZr-bronze with beryllium by STEMET
101 at signiﬁcantly lower temperatures (below 750 °C) by passing
 current that does not lead to loss of strength of copper alloy and
liminates additional heat treatment [4] . However, optimization of
he brazing ﬁller metal composition and rework of the brazing
echnology can allow reduction of the brazing temperature down
o 650 °C or possibly even lower, which will enable to perform a
urnace brazing by heat resistance of the ﬁrst wall elements. 
Serious claims on the tensile and shear strength of this con-
truction are not imposed, but this characteristic should not bender the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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Fig. 1. A schematic illustration of the ITER ﬁrst wall. 
Table 1 
The composition of bronze (in wt.%). 
The composition Cu Cr Zr Other The total quantity 
of alloy elements of other elements 




























Test results of the BrHTsr bronze. 
Regime Mechanical characteristic 
σ B , MPa σ 0.2 , MPa HV l / l , % 
Initial 377 ± 13 346 ± 14 205 ± 6 15.3 ± 1.5 
650 о C, 3 min 400 ± 30 370 ± 30 210 ± 13 14.0 ± 10 
650 о C, 30 min 304 ± 11 249 ± 14 146 ± 8 17 ± 2 
700 о C, 3 min – – 148 ± 8 –





























p  less than 200 MPa at the replacement of the existing ﬁller metal
STEMET 1101 on an optimized ﬁller metal STEMET 1105. 
The aim of this study was to preserve the high strength prop-
erties of the temperature-sensitive CuCrZr-bronze at brazing of a
beryllium coating, due to temperature reduction by using ﬁller
metal STEMET 1105 with a lower melting point. 
2. Choice of the ﬁller metal composition and brazing regimes 
Based on literature data [5] , the process of a signiﬁcant soft-
ening of CuCrZr occurs at annealing at temperatures above 650 °C
(at a small holding time at brazing). This fact can be traced by re-
sults of the mechanical strength and the hardness of CuCrZr as a
result of 1 h annealing at various temperatures. It is seen from the
temperature dependences that the tensile strength of CuCrZr de-
creases from 370 MPa at 650 °C (in the aged state it is 490 MPa) to
310 MPa at 700 °C, and so does the hardness, from 100 HV (in the
initial state it is 190 HV) to 80 HV. The mechanical characteristics
of CuCrZr undergo signiﬁcant negative changes at the temperature
above 700 °C. 
To determine the effect of heat treatment on the mechanical
properties of the CuCrZr (its composition is shown in Table 1 ) used
in actual experiments and compare its properties with the litera-
ture data presented, twelve samples of the CuCrZr were annealed. 
To anneal the samples, a vacuum furnace (Xerion Advanced
Heating) which allows heating in a vacuum of ∼ 10 −5 Torr to a
temperature of 1600 °C was used. 
The temperature and the holding time of annealing were cho-
sen with consideration for the brazing regimes of a particular
product ( Table 2 ). After the annealing, the samples were exposed
to mechanical tensile tests under uniaxial tension and their micro-
hardness was measured. 
The results obtained are in a good agreement with the theoret-
ical data on the softening of aged CuCrZr. The heating of CuCrZr
to a temperature of 650 °C and holding for 3 min result in increas-Please cite this article as: B.A. Kalin et al., Brazing of Be with CuCrZr-b
and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.07.004 ng of its tensile strength and decreasing of its plasticity, which is
onnected with the ageing process of the CuCrZr. An increase of
he holding time at this temperature up to 30 min or an increase
f the temperature up to 700 °C lead to a softening of the CuCrZr-
ronze and thus an increase of its plasticity (relative elongation). 
A differential thermal analysis (DTA) (on the installation STA
scanning thermal analysis) 409 CD of the ﬁrm «Netzsch», Ger-
any) of the brazing ﬁller metals STEMET 1101 and STEMET 1101
ith an optimized composition (hereinafter STEMET 1105), which
re intended for brazing of CuCrZr with beryllium, demonstrates
 signiﬁcant advantage of STEMET 1105 in terms of a tempera-
ure range of melting ( Fig. 2 ). At that, the solidus temperature of
TEMET 1105 is 604 °C that is lower than that of STEMET 1101
hich is 618 °C. A metallographic analysis of crystalline alloys us-
ng a scanning electron microscope EVO 50 (Carl Zeiss) showed the
resence of two eutectics in STEMET 1105. The ﬁrst one is sim-
lar to that of STEMET 1101, which is conﬁrmed by a spread of
he peak in the DTA curve at 618 °C and the second one is more
ne with a lower melting point. Red arrows indicate the tempera-
ures at which the brazing should be carried out, 650 and 700 °C
or comparison. It is seen from the DTA results obtained that the
razing ﬁller metal STEMET 1101 does not fully melt at these tem-
eratures. As to STEMET 1105 is concerned, it fully melts at 700 °C
nd partially melts at 650 °C, but the quantity of the liquid phase
s signiﬁcantly more than that of the solid phase. 
. Technology of brazing, thermal treatment and mechanical 
ests 
To carry out mechanical tests and metallographic studies, sam-
les of the CuCrZr with sizes of 35 mm × 12 mm × 12 mm andronze using copper-based ﬁller metal STEMET, Nuclear Materials 
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Fig. 2. The results of DTA and microstructures of the ﬁller metals: (a) STEMET 1105 and (b) STEMET 1101. 




















3eryllium with sizes of 12 mm × 12 mm × 8 mm were used. The
amples were brazed by the ﬁller metals STEMET 1101 and STEMET
105 in a vacuum furnace ERSTEVAK (XERION) with a heating tem-
erature up to 1600 °C, in a vacuum of ∼ 10 −5 Torr at temperatures
f 650, 700 and 750 °C and a holding time of 15 min. To simulate
he temperature regime of operation in the stationary (without cy-
ling) state, the heat treatment of the brazed joints obtained was
arried out at 350 °C for 30 h in a vacuum furnace XRETORT_T600.
To carry out mechanical shear tests, a design of the device al-
owing to carry out such investigations was developed. Please cite this article as: B.A. Kalin et al., Brazing of Be with CuCrZr-b
and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.07.004 Tests were carried out using a tensile testing machine Instron
50 LX with a load of up to 15 t. The appearance of the device and
he process of tests is shown in Fig. 3. 
The microhardness of CuCrZr and in the brazing zone was mea-
ured using an HVS-10 0 0 digital micro durometer. 
The brazing zone structure was studied using a scanning elec-
ron microscope EVO 50 (Carl Zeiss). The element composition of
he brazing ﬁller metal was investigated using the same scanning
lectron microscope with an energy dispersive spectrometer INCA
50 x-act (Oxford Instruments). ronze using copper-based ﬁller metal STEMET, Nuclear Materials 
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Fig. 4. The results of metallographic studies of the CuCrZr/Be brazed joints obtained by STEMET 1101 and STEMET 1105 ﬁller metals. 












I  4. Research results 
Fig. 4 shows microstructures of the brazing zone of CuCrZr/Be
joints obtained using the ﬁller metals STEMET 1101 and STEMET
1105. It was found that the average seam thickness in case of us-
ing the STEMET 1105 ﬁller metal is less than that obtained us-
ing STEMET 1101, 55 and 65 μm at 650 °C and 60 and 95 μm atPlease cite this article as: B.A. Kalin et al., Brazing of Be with CuCrZr-b
and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.07.004 00 °C, respectively. This difference at the same temperature can
e described by an increased ﬂowing of the STEMET 1105 ﬁller
etal, which is due to a large quantity of liquid phase at the given
emperature compared to that of STEMET 1101 (see. the results of
TA). Increasing the seam thickness with temperature is due to
n intensive dissolution of beryllium and its diffusion into CuCrZr.
n case of using two layers of the STEMET 1105 ﬁller metal, theronze using copper-based ﬁller metal STEMET, Nuclear Materials 
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Fig. 6. The microstructure and the micro X-ray spectral analysis of the Be/CuCrZr brazing zone obtained using the STEMET 1101 ﬁller metal at 650 °C for 15 min. 
Table 3 
The ultimate shear strength of Be/CuCrZr joints, MPa. 
Filler metal STEMET 1105 STEMET 1101 
Note Without Annealing Two layers of Without Annealing 
annealing for 30 h the ﬁller metal annealing for 30 h 
650 °C, 15 min 230 247 145 225 79 
185–265 186–300 124–167 141–289 32–134 
700 °C, 15 min 148 122 – 131 205 
143–154 97–137 106–153 169–244 




























Vickers microhardness of the CuCrZr bronze, MPa. 
Note Without annealing Annealing for 30 h 
Initial bronze 1570 ± 120 –
650 °C, 15 min 1260 ± 120 1220 ± 140 
700 °C, 15 min 1250 ± 140 1190 ± 130 















b  eam thickness increases from 55 to 100 μm. The lower value of
he seam thickness in brazing by STEMET 1101 at 750 °C (STEMET
101 is fully melted at this temperature) in comparison with braz-
ng at 700 °C is probably due to a decrease in the quantity of a liq-
id phase in the seam, which is caused by the fact that the liquid
hase goes to ﬁllet areas at the given temperature. It is found that
n case of annealing the brazed samples at 350 °C, the thickness
f seams increases in all cases by the amount from 10 to 35 μm,
hich is connected with the diffusion of beryllium owing to its
igh solubility in copper. 
Metallographic and micro X-ray spectral analysis ( Figs. 5 and 6 )
ndicated the presence of several phases in the seams. Such phases
re supposedly present at the interface of the ﬁller metal with
eryllium: a Be 2 Cu intermetallic compound or a solid solution of
eryllium in copper, a solid solution of nickel, beryllium in copper,
 solid solution of phosphorus in copper and chemical compounds
f phosphorus with copper and chromium. In case of brazing by
TEMET 1105, chromium phosphides are ﬁne and uniformly dis-
ributed at the interface of the ﬁller metal with CuCrZr even at
00 °C. As far as STEMET 1101 is concerned, these phosphides are
f considerable sizes and their shape is clearly faceted, which can
egatively affect the mechanical properties of the joint. 
The results of mechanical tests are presented in Tables 3 and
 . It was found that the CuCrZr/Be joints obtained by brazing
ith the use of the STEMET 1105 ﬁller metal at 650 °C for 15 min d  
Please cite this article as: B.A. Kalin et al., Brazing of Be with CuCrZr-b
and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.07.004 230 MPa) and STEMET 1101 at 750 °C for 15 min (261 MPa) had the
ighest shear strength. But there is a signiﬁcant decrease of the
uCrZr-bronze hardness in comparison with the initial one (see.
able 4 ), which is in a good agreement with the literature data. 
The thermal annealing at 350 °С ambiguously showed its ef-
ect on the brazing zone. The shear strength increased in case of
razing by STEMET 1105 at 650 °С and STEMET 1101 at 700 °С
nd it decreased in case of brazing by STEMET 1105 at 700 °С and
TEMET 1101 at 650 °С . A signiﬁcant decrease of the shear strength
rom 225 to 79 MPa was observed in case of using STEMET 1101.
his behavior may be due to the kinetic processes occurring in
elting of the ﬁller metals that are in different structural-phase
tates at the same brazing temperature, to various ratios of solid
nd liquid phases, to the interaction of components with the
razed materials and further diffusion processes of phases formed
uring the heat treatment. The insuﬃcient statistics of the testsronze using copper-based ﬁller metal STEMET, Nuclear Materials 
6 B.A. Kalin et al. / Nuclear Materials and Energy 0 0 0 (2016) 1–6 
ARTICLE IN PRESS 

































[  performed (3 samples were tested for each brazing regime) has its
inﬂuence on data, which resulted in some cases in a wide scatter
of the data obtained. 
Heat resistance of the brazed joint is one of the important char-
acteristics in operating conditions. Such tests were conducted to
STEMET 1101 at the D.V. Efremov Scientiﬁc Research Institute of
Electrophysical Apparatus (SRIEA) [3] . It is considered that STEMET
1101 and STEMET 1105 are analogous, and they differ in a small
change of the concentration of the alloying elements. The result-
ing seam has almost identical structure by using STEMET 1101 and
STEMET 1105. Therefore, it can be concluded, that resistance to
thermal cycling stress will be similar, but in the future it is nec-
essary to conduct additional studies. 
5. Conclusions 
Based on the experimental results obtained, the joints brazed
by the STEMET 1105 ﬁller metal (the ultimate shear strength is
230 MPa) at the temperature of 650 °C for 15 min and by STEMET
1101 (the ultimate shear strength is 261 MPa) at 750 °C for 15 min
have the highest strength. However, there is a noticeable decreasePlease cite this article as: B.A. Kalin et al., Brazing of Be with CuCrZr-b
and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.07.004 f the CuCrZr-bronze microhardness at 750 °C. When brazed at
50 °C for 15 min, the microhardness of the CuCrZr remains at a
uﬃcient level of 1260 ± 120 MPa compared with its initial micro-
ardness of 1570 ± 120 MPa. An isothermal holding of the brazed
oints at 350 °C did not lead to a degradation of the CuCrZr prop-
rties, the shear strength of the CuCrZr/Be joint brazed by the
TEMET 1105 ﬁller metal at 650 °C for 15 min increasing from 230
o 247 MPa. 
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